. This idea is appealing mice and rats treated with adrenergic receptor agobecause the adrenergic system is activated during nists and antagonists. We find that adrenergic signalarousing, emotional experiences. In many of the studies ing is critical for the retrieval of intermediate-term consupporting this concept, activation of the adrenergic textual and spatial memories, but is not necessary for system has been reported to enhance memory of averthe retrieval or consolidation of emotional memories sively trained animals. In contrast, few studies have indiin general. The role of norepinephrine in retrieval recated that the adrenergic system is necessary for emoquires signaling through the 
store NE in the mutant mice before or at various times after training by administering a synthetic amino acid precursor of NE, L-threo-3,4-dihydroxyphenylserine (L-DOPS) (Thomas et al., 1998) . The present study examines the effects of the mutation, L-DOPS, and adrenergic receptor drugs on learning and memory in mice and rats.
Results

NE and Fear Conditioning in Mice
To examine adrenergic influences on learning, memory consolidation, and retrieval, Dbh Ϫ/Ϫ and control mice were trained using Pavlovian fear conditioning. In this paradigm, mice were given the opportunity to associate both a tone (cue) and the apparatus (context) with footshock in a single training trial. Memory was assessed by scoring the percent time mice spent immobile (a fear reaction) upon reexposure either to the context or the cue in a distinct context. Dbh ϩ/Ϫ mice were used as controls because they have normal levels of NE/E and are phenotypically indistinguishable from Dbh ϩ/ϩ mice (Thomas et al., 1998) .
Mice lacking NE/E exhibited impaired contextual but not cued fear memory one day after training ( Figure 1A ). There were no differences in freezing between genotypes in the context prior to shock or in a distinct context after training. Normal cued fear did not depend on whether the mice were tested for contextual fear first. The presence of normal cued fear (and inhibitory avoidance) in the Dbh Ϫ/Ϫ mice indicates that the deficit in contextual fear is not due to alterations in pain sensitivity, motivation, or performance. Because context is considered to be in the "background" relative to the cue (Phillips and LeDoux, 1994) 
NE was restored in adult Dbh
Ϫ/Ϫ mice using L-DOPS. NE levels peak ‫5ف‬ hr after injection of L-DOPS (Thomas et al., 1998), so L-DOPS was administered 4-6 hr prior to training and again prior to testing one day later. No strongly implicate NE and ␤-adrenergic receptors in deficit in contextual fear was observed in the Dbh Ϫ/Ϫ memory retrieval. mice injected with L-DOPS ( Figure 1E ). These results
To test whether ␣-adrenergic receptors participate in indicate that the memory deficit is not due to a developcontextual memory retrieval and to determine the idenmental abnormality but rather to the loss of a physiologic tity of the ␤ receptor(s) involved, additional pharmacorole for NE. logic and genetic experiments were performed. The ␣ 1 To test whether consolidation or retrieval is selectively antagonist prazosin had no effect on contextual freezing affected, and to test whether the action of NE is periphwhen given before testing despite causing ptosis as eral or central, mice were injected before training or expected (Figure 2A) . Interestingly, the ␣ 2 antagonist before testing with L-DOPS alone or a mixture of L-DOPS atipamezole caused a significant increase in freezing. plus benserazide, a peripheral aromatic L-amino acid These results indicate that ␣ receptors are not necessary decarboxylase inhibitor that prevents conversion of for retrieval. The increase in freezing seen with atipa-L-DOPS to NE in the periphery ( Figure 1F) Figure 1E ). Low levels of betaxolol caused maximal reductions in contextual fear NE are present one but not two days after injection of at 1 mg/kg, while there was no effect of atenolol or ICI L-DOPS, and there is partial rescue of other phenotypes 118,551 ( Figure 2B ). Atenolol does not readily cross the at one but not two days (Thomas et al., 1998 Figure 2D ). When ing one day after training ( Figure 2D ). Their effectiveness given before training or before testing one week after correlated with their ability to stimulate adenylyl cyclase training, (Ϫ)-propranolol did not alter contextual freezing via murine ␤ 1 but not ␤ 2 receptors ( Figure 2F ). To further in the Dbh ϩ/Ϫ mice ( Figure 2A ). The effect of (Ϫ)-proprantest the idea that adrenergic signaling is required for olol given before testing one day after training was not retrieval but not consolidation, xamoterol was adminisstate-dependent because mice treated with (Ϫ)-protered to Dbh Ϫ/Ϫ mice one hr before testing three days pranolol before training and testing had a comparable after training. Xamoterol restored normal contextual deficit. Further, the effects of ␤ blockade were CNSfreezing in the mutant mice despite the absence of NE dependent because nadolol and sotalol, ␤ antagonists for three days after training ( Figure 2E ). In total, these that do not readily cross the blood-brain barrier, had no results demonstrate that activation of ␤ 1 receptors is effect on freezing when given before testing. Because sufficient to restore contextual memory retrieval in the control mice have the opportunity to consolidate norDbh Ϫ/Ϫ mice but do not provide evidence suggesting a mally during the 24 hr between training and the administration of antagonist shortly before testing, these results role for NE in consolidation. 
␤-Adrenergic Receptors and Fear 1997a). Because of the interest in testing retrieval, a rapid (90 min) training protocol was employed (Frick et Conditioning in Rats al., 2000). As anticipated, acquisition did not depend on Many of the studies examining adrenergic modulation
␤-adrenergic signaling ( Figures 4A and 4B) . Contextual of memory consolidation have been performed using fear testing in rats indicated that CNS ␤ blockade lasted rats. Therefore, we examined whether our results using for at least two hr (data not shown). mice would generalize to rats. We observed a doseWe next examined whether ␤ signaling is necessary dependent decrease in contextual fear with (Ϫ)-profor spatial memory retrieval by injecting rats with (Ϫ)-pranolol that was equivalent to that for mice ( Figure 3A) .
propranolol prior to a probe trial one day after training. Cued fear was unaffected (saline: 56.2 Ϯ 9%; 1 mg/kg There was a dose-dependent reduction in quadrant (Ϫ)-propranolol: 54.6 Ϯ 8.2%; n ϭ 5 each, p ϭ 0.9), preference that was significant for both 1 mg/kg (data consistent with a previous study (Davis et al., 1979) . The not shown) and 3 mg/kg of (Ϫ)-propranolol ( Figure 4D ). effect of (Ϫ)-propranolol was mimicked by betaxolol (␤ 1 ), Swim speed and time spent at the perimeter of the pool but not ICI 118,551 (␤ 2 ) or the peripheral ␤ antagonist were not affected. (Ϫ)-Propranolol had no effect on the sotalol. Even more striking, the time course of the decued version of the water maze one day after training pendence of contextual memory retrieval on ␤-adrener-( Figure 4F ). Finally, the time dependence of spatial memgic signaling was nearly identical to that observed in ory retrieval on ␤ signaling was examined by testing mice (Figures 3B and 3C) .
other groups of rats with a probe trial one hr or one week after training. There was no significant effect of ␤-Adrenergic Receptors and Spatial (Ϫ)-propranolol on quadrant preference at these times Navigation in Rats ( Figures 4C and 4E) , demonstrating a lack of effect on The role of NE in contextual but not cued fear suggests motivation or performance. These results indicate that a role for adrenergic signaling in hippocampus-depen-␤-adrenergic signaling has a time-limited role in spatial dent memory retrieval. To test this possibility further, we memory retrieval. ). However, we sought to rule out possible differential effects of local verses systemic delivery on memory consolidation. To do this, 10 g of (Ϫ)-propranolol was infused bilaterally into the hippocampus five min after training and the mice were tested one day later. No effect on freezing was observed ( Figure 5D ). We also tested the prediction that antagonists that do not readily cross the blood-brain barrier and have no effect when given systemically (Figures 2A  and 2B ) would be more potent when infused into the hippocampus than antagonists that do cross the bloodbrain barrier. For mixed ␤ blockers, nadolol was ‫5ف‬ times more potent than (Ϫ)-propranolol; for ␤ 1 -selective blockers, atenolol was ‫001ف‬ times more potent than betaxolol, confirming the prediction ( Figure 5C ). Finally, we sought to determine whether stimulation of hippocampal ␤ receptors would be sufficient to restore retrieval in Dbh Ϫ/Ϫ mice. Infusion of the ␤ agonist (Ϯ)-isoproterenol resulted in a dose-dependent enhancement of freezing to normal levels. Taken together, these findings indicate that ␤ 1 -adrenergic signaling within the hippocampus is necessary and sufficient for contextual memory retrieval but is not required for consolidation. but not consolidation, we predicted that long-term synaptic plasticity in CA1 would be intact. Basal synaptic physiology in CA1 was nearly equivalent between genoto test whether ␤-adrenergic signaling in the hippocamtypes ( Figures 6A and 6B) . Further, there was no signifipus is necessary for retrieval. Toward this goal, cannulas cant difference in the early or late phases of long-term were chronically implanted in control mice so that bilatpotentiation (LTP) (Figures 6C and 6D ). These data are eral dorsal hippocampal infusions could be performed consistent with the idea that the memory impairment ( Figure 5A ). One week after surgery, cannulated mice that develops 1-2 hr after training in the Dbh Ϫ/Ϫ mice is were fear conditioned. One day later either artificial cerebased on a deficit in retrieval rather than consolidation. brospinal fluid (aCSF) or (Ϫ)-propranolol was infused 15 min before testing. There was a dose-dependent decrease in contextual freezing that, at 10 g, was simiDiscussion lar in magnitude to the reduction in freezing observed after systemic treatment ( Figure 5B ). This effect was Adrenergic Signaling, Attention, and Emotional Memory Consolidation stereo-and site-specific: 10 g of (ϩ)-propranolol in the hippocampus and 10 g of (Ϫ)-propranolol in the Despite hypothesized roles for NE in arousal and attention (Aston-Jones et al., 2000; Robbins, 1997), we did overlying cortex or lateral ventricles were without effect. In addition, 10 g of (Ϫ)-propranolol had no effect on not find evidence for alterations in attention as assessed by acquisition of fear conditioning. The tone signaling retrieval of either cued fear one day after training or contextual fear one week after training ( Figure 5D) .
NE and Hippocampal Synaptic Plasticity
shock had no impact on the contextual fear deficit exhibited by the Dbh Ϫ/Ϫ mice. Further, normal contextual fear Systemic propranolol administered immediately after consolidation (in addition to retrieval) cannot be com-(Gala and Haisenleder, 1986; Gorman and Dunn, 1993). These findings argue against an elevation in corticostepletely ruled out. One could postulate that the ␤ 1 agonist xamoterol mediates a delayed consolidation during the rone as causing impaired memory retrieval in the Dbh Ϫ/Ϫ mice. hour between injection and retention testing. If this were true, it would mean that the absence of NE-dependent Our results indicate that ␤ 1 -adrenergic signaling in the hippocampus is necessary and sufficient for context consolidation for three days after training could be reversed within one hr of restoring ␤ 1 signaling. A readily retrieval, although an adjacent region cannot be completely ruled out. This is consistent with a number of reversible role for NE in consolidation would not be consistent with any previous study suggesting a requirelesion studies showing that the hippocampus is required for consolidation and retrieval of contextual fear memoment for NE in memory consolidation (Bevilaqua et al. to drive behavior, then a larger volume of the hippocampus would need to be inactivated to block context reHowever, acute administration of propranolol, which mimics the retrieval phenotype of the Dbh Ϫ/Ϫ mice, does trieval. In our studies, 1 l was infused into the dorsal hippocampus of mice, while in the studies using muscinot alter plasma corticosterone levels in mice or rats We propose that release of NE in the hippocampus alters quired ‫4ف‬ days after acquisition. Alternatively, consolidation within the hippocampus could make retrieval information processing via ␤ 1 receptors to promote memory retrieval. A potential mechanism would be independent of NE. The lesion studies favor the latter possibility because dependence on the hippocampus through enhancement of pattern completion (Marr, 1971 ; Rudy and O'Reilly, 1999). However, mutant mice appears to last several weeks. However, future studies performing functional inactivation of the hippocampus lacking NR1 expression specifically in CA3 pyramidal neurons are deficient in pattern completion, yet these could be enlightening because electrolytic lesions damage fibers of passage and excitotoxic lesions might afmice perform normally in a fully cued version of the Morris water maze (Nakazawa et al., 2002), in contrast fect regions receiving input from the hippocampus. Such collateral effects could impair retrieval beyond four to rats treated with propranolol. Instead, we hypothesize that information flow from the dentate gyrus (DG)/CA3 days.
Studies examining intracellular signaling molecules regions to CA1 depends on NE, while flow from entorhinal cortex does not (Figure 7) . The latter is thought to suggest that some processes are important for the maintenance of memories one week or more after acquisition. mediate processing needed to activate place cells in CA1, while the former is likely involved in spatial and Mutant mice lacking both type I and type VIII adenylyl cyclases and transgenic mice expressing a dominantcontextual memory storage and retrieval (Lisman, 1999 gest that if ␤ blockers were to be effective in decreasing after which an 84 dB, 2.8 kHz tone was activated for 30 s (for Figure  NaCl, transferred to a holding chamber (BSC-PC, Harvard Apparatus, Holliston, MA) containing oxygenated aCSF. Slices recovered for at Water Maze least 1.5 hr at 30ЊC. Individual slices were then transferred to an Rats were handled as described above. One day before training, a interface-recording chamber (BSC-BU, Harvard Apparatus) at 30ЊC four trial shaping procedure was given in a one min pool. Each rat and continuously perfused (1-2 ml/min). Recording began at least was placed on a visible platform for 10 s and then in the water at 30 min later using a CyberAmp preamplifier and an Axoclamp 2B three progressively farther distances and given 20 s to escape onto amplifier (Axon Instruments, Foster City, CA) in bridge mode. Data the platform. The rat was left on the platform for 10 s after each.
were digitized at a sampling rate of 10 kHz. Extracellular recordings For training and testing, a two min pool located in a different room were obtained from strata radiatum of CA1 using 5-10 M⍀ glass was used. The hidden platform (10 cm, clear) top was 2 cm below microelectrodes filled with 2 M NaCl. A bipolar stimulating electrode the surface. On the day of training, rats were allowed to find the (MCE-100, Rhodes Medical Instruments, Summerland, CA) was platform located in the middle of one quadrant. Each rat was given placed in stratum radiatum to stimulate the SC (0.1 ms, 1/min). 16 trials (one min each) partitioned into four blocks of four trials.
Intensity was set to evoke 30%-40% of maximum. Tetanic stimulaStart positions at the edge between each quadrant varied in a pseution consisted of 1 s trains at 100 Hz (4 min intertrain interval for 4 dorandom fashion. If the rat did not escape in one min, it was placed trains). Data were acquired and analyzed using pCLAMP 7 (Axon on the platform for 10 s. The next trial began immediately afterward Instruments). with an interblock interval of 30 min. For testing, a one min probe trial without the platform was given. Rats were divided randomly Statistics into two groups of ten and administered saline or (Ϫ)-propranolol.
Data were analyzed with Statistica 6.0 (StatSoft) using factorial twoTraining for the cued task was the same except that no shaping way ANOVA, repeated measures two-way ANOVA or one-way ANwas given, three blocks of four trials were used, and the top of the OVA. For water maze, groups were first tested as to whether their visible platform was 1 cm above the surface. For cued testing, rats quadrant distribution was significantly different from random (25%) were given four trials with an intertrial interval of five min one day with Hotelling's T-squared generalized means test using the log of after training. For each cued training and testing trial, the platform the ratios of percentage quadrant time. All groups were found to was in the center of a different quadrant (pseudorandom). Data were be significantly nonrandom. Post hoc comparisons were made using collected using a tracking system (AccuScan Instruments, ColumDuncan's range test. bus, OH).
